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Introduction
The GATA transcription factors are zinc finger transcriptional activators that bind to the consensus DNA sequence (A/T)GA-TA(A/G) to regulate expression of target genes. They have been identified throughout eukaryotes (Patient and McGhee, 2002) , from fungi to plants and from invertebrates to vertebrates. GATA function has been particularly documented during both hematopoiesis and cardiogenesis in Drosophila and vertebrates (Sorrentino et al., 2005; Burch, 2005; Shimizu et al., 2008; Nemer, 2008 ). An emerging feature of the GATA factors is the identification of isoforms (Calligaris et al., 1995; MacNeill et al., 1997; Onodera et al., 1997; Brewer et al., 1999; Waltzer et al., 2002; Hollanda et al., 2006; Fromental-Ramain et al., 2008) and efforts have been mainly focussed on identification of regulatory elements necessary for gene expression in various complex settings (Patient and McGhee, 2002; Sorrentino et al., 2005; Burch, 2005) . The biological significance of the isoforms in vertebrates remain poorly understood. In particular, the mutual transcriptional regulation between coexpressed isoforms may have great impact on GATA function but has not been addressed.
Whereas much of the effort over the past has been focussed on the role of the GATA factor Pnr during both neural development of thoracic sensory bristles (Ramain et al., 1993, 0925-4773/$ -see front matter Ó 2010 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2010.08.002 2000; Heitzler et al., 1996; Garcia-Garcia et al., 1999; Heitzler et al., 2003; Vanolst et al., 2005) and cardiogenesis (Gajewski et al., 1999 Klinedinst and Bodmer, 2003) , the recent identification of the two pnr isoforms (Fromental-Ramain et al., 2008) sheds new light on Pnr as a model to study GATA function during development. The pnr isoforms share functional domains and are expressed in overlapping territories during Drosophila development. During neural development, Pnr-b is strongly expressed in the dorsal-most territories of the wing disc where it is thought to activate proneural ac/sc expression at the dorso-central (DC) site to promote development of the large DC sensory bristles (macrochaetae) (GarciaGarcia et al., 1999; Fromental-Ramain et al., 2008) . Weak pnra expression covers the dorsal-most domain of the disc. In addition, pnr-a expression extends lateral to the pnr-b domain where it was proposed to activate wingless (Fromental- Ramain et al., 2008) .
Transcriptional activities of the GATA transcription factors are regulated by dimerization with various cofactors including chromatin remodeling complexes (Heitzler et al., 2003; Vanolst et al., 2005) . The Drosophila LIM-domain binding protein Chip physically interacts with both Pnr and the (Ac/ Sc)-Daughterless (Da) heterodimer to allow assembly of a multiprotein complex which mediates activation of proneural expression (Ramain et al., 2000) . The Drosophila U-shaped (Ush) and its vertebrate counterparts FOG-1 and FOG-2 (Friend-Of-Gata-1 and -2) (Tsang et al., 1997; Lu et al., 1999; Svensson et al., 1999; Tevosian et al., 1999) modulate GATA functions by dimerization with the GATA DNA binding domain Fossett et al., 2000 Fossett et al., , 2001 Sorrentino et al., 2007) . ush expression in the Drosophila wing disc coincides with pnr-b expression and evidence suggests that Ush can convert Pnr from an activator to a repressor (Sato and Saigo, 2000; Fromental-Ramain et al., 2008) . Thus, it was suggested that Pnr-b activates proneural ac/sc expression while the Pnr-a-Ush heterodimer would repress ac/sc expression (Garcia-Garcia et al., 1999; FromentalRamain et al., 2008) . In contrast, Pnr-a would promote lateral wg expression whereas it was postulated that the Pnr-b-Ush heterodimer represses wg in the dorsal-most domain of the disc (Sato and Saigo, 2000; Fromental-Ramain et al., 2008) .
To derive more insights into Pnr function, we undertook the identification of the promoter regions necessary for isoform expression during both embryogenesis and development of the thoracic sensory bristles. Interestingly, we show that regulatory elements required for pnr-a expression are located close to the transcription start site while pnr-b expression requires functional interactions between proximal and distal elements. As we have previously suggested that Pnr-b may negatively regulate pnr-a expression during neural development (Fromental-Ramain et al., 2008) , we further investigated transcriptional regulation between the pnr isoforms. In addition, previous reports have implicated GATA-1 as a positive regulator of its own promoter (Hannon et al., 1991; Tsai et al., 1991) . Hence, we also analyzed autoregulation of the pnr isoforms during neurogenesis. Pnr-b is a truncated version of Pnr-a and the pnr isoforms cannot be detected with specific antibodies while in situ hybridization remains a challenging and poorly quantitative approach to investigate mRNA expression during development.
We have recently identified two genomic domains from the pnr locus that drive expression of a lacZ reporter in transgenic lines in patterns similar to those of the pnr isoforms (Fromental-Ramain et al., 2008) . Hence, we used these transgenic lines to visualize isoform expression in wing discs and to show that Pnr-b negatively regulates both pnr-a and its own expression. We also reveal a dual role of the cofactor Ush in notum patterning and associated neurogenesis. Ush negatively regulates both its own expression and also, probably together with Pnr-b, expression of Pnr-b responsible for proneural activation at the DC site of the wing disc. Finally, we also provide evidence that the pnr isoforms may positively regulate ush expression in wing discs. Our observations illustrate how multiple transcriptional interactions between the pnr isoforms and the cofactor Ush, as well as autoregulatory loops of Ush and Pnr-b, may play essential roles during regulation of proneural ac/sc expression and thorax patterning. They also extend our knowledge of the roles of prepattern factors during Drosophila development.
Results

Organization of the regulatory sequences necessary for expression of the pnr isoforms during neural development
To study the regulatory elements driving expression of the pnr isoforms, we established transgenic lines carrying a lacZ reporter controlled by DNA fragments located upstream of either pnr-a or pnr-b (Fromental- Ramain et al., 2008; Fig. 1) . First, we focussed on reporter expression in wing discs where Pnr is necessary for regulation of proneural ac/sc expression and development of thoracic macrochaetae (Ramain et al., 1993 (Ramain et al., , 2000 Heitzler et al., 1996; Cubadda et al., 1997; Haenlin et al., 1997; Garcia-Garcia et al., 1999; Heitzler et al., 2003; Vanolst et al., 2005; Fromental-Ramain et al., 2008) .
Analysis of pnr-a promoter organization was performed by 5'-end deletions (constructs a2 to a5 in Fig. 1B ) of the 9.3 kb DNA fragment present in construct a1 (Fig. 1B , previously known as construct C9.3 in Fromental- Ramain et al., 2008) . The promoter fragment in construct a1 drives reporter expression in a pattern that recapitulates the essential features of pnr-a expression during neural development (Fromental-Ramain et al., 2008) . We observed no obvious difference between reporter expression in lines carrying construct a1 and in lines carrying either construct a4 (Fig. 1B) or construct a5 (data not shown), suggesting that the essential regulatory elements are present in the pnr-a proximal promoter. This hypothesis is further reinforced by the observation that the proximal sequences only inserted in front of a heterologous hsp43 (heat shock protein43) minimal promoter in construct a7 or in construct a8 (Fig. 1B ) direct lacZ expression in the dorsal-most domain of the imaginal disc. In contrast, no expression is seen in lines carrying construct a6 (data not shown). While nearly identical to those present in construct a8, the promoter sequences in construct a7 drive reporter expression in a central cluster of cells which is characteristic of pnr-a expression (Fromental-Ramain et al., 2008) and which is not seen with promoter sequences present in construct a8 (Fig. 1B) .
We undertook promoter analysis of pnr-b by establishing transgenic lines carrying a lacZ reporter controlled by DNA fragments located upstream of exon 1 of pnr-b. We have previously shown that the DNA fragment present in construct b2 (previously known as construct G5.6 in Fromental-Ramain et al., 2008) drives reporter expression in wing disc (Fig. 1C) in a pattern similar to that of pnr-b expression. Hence, we concluded that this fragment contains essential regulatory sequences required for pnr-b expression during neural development. We observed (Fig. 1C ) that addition of a 600 bp fragment to give construct b1 or deletion of a 1.9 kb fragment to give construct b3 does not modify reporter expression in Fig. 1 -Characterization of the promoter sequences of the pnr isoforms in transgenic flies. (A) Genomic organization of the pnr locus with the pnr-a and pnr-b isoforms as described in Fromental- Ramain et al. (2008) . The intron/exon structure (1/1 0 ; 2; 3; 4) is presented and the transcribed sequences are depicted by empty boxes. The cDNAs structure is shown with the ATG start and the TAA stop of translation. Coding sequences are visualized in black. (B and C) Characterization of () the pnr-a and (C) the pnr-b promoter sequences. The location of the DNA fragment present in either construct a1 or construct b2 (previously constructs C9.3 and G5.6 in Fromental- Ramain et al., 2008 ) is shown as well as the DNA derivatives inserted in the transgenic lines (a2 to a8 for pnr-a; b1 and b3 to b9 for pnr-b). Constructs a2, a3, a5, a7 and b5 were previously known as D5, E3.2, F1.2, J1.8 and H6.4, respectively (Fromental-Ramain et al., 2008) . The DNA fragments present in constructs a1 to a5 drive expression of a lacZ reporter (black box) fused to the 5' untranslated sequences of pnr-a while the DNA fragments present in constructs b1 to b4 drive expression of the reporter fused to the 5 0 untranslated sequences of pnr-b. The constructs use either proximal promoter sequences of pnr isoforms (a1 to a5 for pnr-a; b1 to b4 for pnr-b) or sequences of a heterologous hsp43 minimal promoter (hsp43; empty oval) (a6 to a8 and b5 to b9 for pnr-a and pnr-b, respectively). lacZ expression in late third instar thoracic imaginal discs from transgenic lines is assayed by X-Gal staining. In each case, the reaction was left for 20 min at 22°C. At least five independent lines were assayed for each construct. In (B), arrow denotes a central cluster of cells that display b-Galactosidase activity. The cluster is also revealed by in situ hybridization with a pnr-a anti-sense probe (FromentalRamain et al., 2008) . Promoter regions containing the essential regulatory sequences required for isoform expression in either wing discs or embryos are visualized by colored boxes.
transgenic animals in comparison to expression seen in lines carrying construct b2 (Fig. 1C) . However, deletion of the 5 0 DNA sequences of construct b3 to give construct b4 leads to complete loss of reporter expression, suggesting that these sequences contain the crucial regulatory elements required for pnr-b expression in wing disc (Fig. 1C) . We next investigated activity of pnr-b promoter fragments inserted upstream of the heterologous hsp43 minimal promoter. As reporter expression in lines carrying construct b5 differs from that seen with construct b1 (Fig. 1C) , we hypothesize that the 0.8 kb DNA fragment adjacent to exon 1 of pnr-b and including the 5 0 untranslated region contains important regulatory elements. However, as the 0.8 kb proximal fragment is present in construct b4 that does not direct expression in transgenic lines (Fig. 1C) , we conclude that these elements must functionally interact with distal sequences to drive pnr-b expression. This hypothesis is supported by the observation that sequences present in constructs b6 or b7 direct reporter expression when fused to the heterologous hsp43 minimal promoter (Fig. 1C) . In contrast, the sequences present in construct b8 (Fig. 1C ) or in construct b9 (data not shown) do not drive reporter expression in transgenic flies.
In conclusion, the main regulatory sequences required for pnr-a expression in wing discs are located close to the transcription start site while it appears that pnr-b expression is driven by proximal elements which functionally interact with distal elements.
We also investigated organization of the regulatory sequences required for embryonic expression of the isoforms ( Fig. 1 ; Supplementary material (SM) Fig. S1 ). We used transgenic lines carrying a lacZ reporter controlled by a promoter fragment located upstream of either pnr-a (construct a1 to a8) or pnr-b (construct b1 to b9) ( Fig. 1B and C) . We observed that both pnr-a and pnr-b expression during embryogenesis requires functional interactions between proximal and distal regulatory elements (Fig. 1B, C and Fig. S1 in Supplementary material).
2.2.
Analysis of the promoter sequences mediating negative regulation of pnr-a by the pnr-b isoform
We previously demonstrated that pnr-b expression is reduced in both homozygous pnr Gal4 and trans-heterozygous pnr
Gal4
/pnr VX6 mutant animals, while pnr-a expression is strongly activated (Fromental-Ramain et al., 2008) . The pnr
VX6
allele comprising a deletion removing exons 2, 3 and 4 ( Fig. 1A ) is used as a reference null allele for pnr function (Ramain et al., 1993) . The pnr Gal4 strain carries a Gal4 containing transposon inserted in the first exon of pnr-b and gives an expression pattern indistinguishable from that of pnr-b (Fromental- Ramain et al., 2008) . Hence, pnr Gal4 exhibits both a loss of pnr-b function and a gain of pnr-a function.
We also observed that lacZ expression is increased in both homozygous pnr Gal4 and pnr
Gal4
/pnr VX6 mutant animals carrying construct a1 (Fromental- Ramain et al., 2008) . Finally, overexpressed pnr-b in the dorsal-most domain of the disc leads to both reduced pnr-a expression and reduced activity of the promoter sequences of construct a1. As reporter expression in lines carrying construct a1 recapitulates essential features of pnr-a expression, we concluded that the promoter fragment present in construct a1 contains regulatory sequences mediating repression of pnr-a by Pnr-b Fromental- Ramain et al., 2008) . To identify sequences mediating repression of pnr-a by Pnrb, we investigated reporter expression in both homozygous pnr Gal4 and trans-heterozygous pnr
/pnr VX6 mutant animals carrying constructs a1, a2, a3, or a4 (Fig. 1B) ( Fig. 2A ; data not shown). In each case, reporter expression is strongly increased, suggesting that pnr-a regulation by Pnr-b is mediated by proximal sequences present in construct a4 ( Fig. 2A) . Accordingly, we observed that over-expression of pnr-b WT using the pnr Gal4 driver represses reporter expression in imaginal discs of transgenic animals carrying either construct a1, a2, a3 or a4 (Fig. 2B and data not shown). Positive autoregulatory loops have been shown to play crucial roles during regulation of GATA gene expression (Hannon et al., 1991; Tsai et al., 1991) . We consequently asked whether increased lacZ expression in both homozygous pnr Gal4 and /+, suggesting that Pnr-a does not regulate its own expression.
trans-heterozygous pnr
Gal4
/pnr VX6 animals carrying either construct a1 or a4 might also result from increased endogenous Pnr-a, suggesting Pnr-a as a positive regulator of its own promoter. To address this issue, we analyzed the effects of over-expressed Pnr-a protein on lacZ expression in animals carrying either construct a1 or a4. We made use of the GAL4/ UAS system (Brand and Perrimon, 1993), using as a driver either the pnr MD237 line (pnr Gal4 ) Heitzler et al., 1996) or the pnr-a Gal4 line. The pnr-a Gal4 line carries the GAL4 coding sequences under the control of the pnr-a promoter fragment present in construct a1 and consequently gives a GAL4 expression pattern that recapitulates that of pnr-a (data not shown). We observed that over-expressed pnr-a in its authentic expression domain (driver pnr-a Gal4 ) or in the pnr-b domain (driver pnr
) Heitzler et al., 1996) does not affect reporter expression in lines carrying either construct a1 or a4 ( Fig. 2C ; data not shown).
Hence, we conclude that Pnr-a does not positively regulate its own expression and that the increased reporter expression in homozygous pnr Gal4 or trans-heterozygous pnr
/pnr VX6 animals carrying either construct a1 or a4 ( Fig. 2A ) reflects negative regulation of pnr-a by the Pnr-b isoform.
The pnr-b isoform negatively regulates its own expression during neural development
As Pnr-b regulates pnr-a expression during neural development, we next asked whether Pnr-b may also regulate its own expression. We investigated reporter expression in lines carrying either construct b1, b2, b3, b6 or b7 in presence of reduced pnr-b expression associated with either homozygous pnr Gal4 or trans-heterozygous pnr
Gal4
/pnr VX6 ( Fig. 3A ; data not shown) (Fromental-Ramain et al., 2008) . Constructs b1, b2 and b3 drive reporter expression in a pattern similar to that of pnr-b while constructs b6 and b7 contain distal regulatory sequences necessary for pnr-b expression in wing disc (Fig. 1C ).
We observed a strong increase of lacZ expression in the presence of reduced pnr-b expression when the reporter is controlled by either the proximal promoter (constructs b1, b2, and b3) or distal regulatory sequences fused to the heterologous hsp43 minimal promoter (constructs b6 and b7) ( Fig. 3A ; data not shown). Moreover, over-expressed pnr-b in the domain of pnr-b (driver pnr Gal4 ) leads to reduced lacZ expression in lines carrying constructs b1, b2, b3, b6 or b7 ( Fig. 3B ; data not shown). Hence, increased lacZ expression upon loss of pnr-b expression may result from disruption of negative autoregulation of Pnr-b. However, as Pnr-b negatively regulates pnr-a during neural development (FromentalRamain et al., 2008) , increased lacZ activity observed in both homozygous pnr Gal4 and trans-heterozygous pnr /+ larvae carrying construct b2. (C) pnr-b expression is not regulated by the Pnr-a isoform. Over-expressed UAS pnr-a in the domain of pnr-a (driver pnr-a Gal4) does not modify reporter expression in lacZ/+; pnr-a Gal4/UAS pnr-a larvae carrying construct b2. In (B) and (C), reaction time was 20 min at 22°C.
carrying construct b2 mimicking expression of pnr-b. We have consistently observed by in situ hybridization with specific probes that homozygous pnr V1 animals exhibit strong activation of pnr-a in the domain of pnr-a whereas pnr-b expression is not modified (Fromental-Ramain et al., 2008) . Here, we have revisited regulation of pnr-b by Pnr-a with the help of the pnra Gal4 line which drives over-expression of Pnr-a in the pnr-a domain. We observed that over-expressed Pnr-a (Fig. 3C) does not affect reporter expression in lines carrying construct b2 (Fig. 3C ). This observation reinforces the notion that Pnr-a does not regulate expression of pnr-b. This conclusion is further supported by analysis of pnr V1 (data not shown). Reporter expression in homozygous pnr V1 animals carrying construct b2 is not modified while homozygous pnr V1 displays increased pnr-a expression in the domain of pnr-a. Consequently, we conclude that Pnr-b negatively autoregulates its own expression, probably through regulatory sequences present in constructs b6 and b7.
2.4.
Accurate expression of the pnr-b isoform is required for bristle development at the DC site Previous studies have suggested that Pnr-b can form a multiprotein complex with Chip and the (Ac/Sc-Da) heterodimer, mediating activation of proneural expression at the DC site of wing discs (Ramain et al., 2000; Fromental-Ramain et al., 2008) . Hence, we investigated the consequences of overexpressed pnr-b in its authentic expression domain on proneural ac/sc expression and development of the DC bristles. We observed that over-expressed pnr-b predominantly leads to reduced proneural expression at the DC site associated with loss of sensory organs (Fig. 4) , similarly to what was observed for loss of pnr-b function in the homozygous pnr Gal4 mutant (Garcia-Garcia et al., 1999; Ramain et al., 2000; Fromental-Ramain et al., 2008) . However, we also noticed that rare UAS pnr-b/pnr Gal4 flies exhibit a moderate excess of DC macrochaetae. Oregon wild-type flies have 2 DC bristles per heminotum while over-expression of the wild-type Pnr-b protein leads to a loss of DC bristles (1.5 ± 0.07 DC per heminotum). Thus, increase in Pnr-b activity cause defects similar to the decrease of Pnr-b activity and to both loss or gain of Chip function (Ramain et al., 2000) . These observations illustrate the importance of the Pnr-b level during neural development. They also highlight a requirement for an accurate stoichiometry of the subunits to allow the proper function of the multiprotein complex and proneural activation at the DC site. The fact that over-expressed Pnr-b in pnr-b expression domain leads to reduced proneural ac/sc expression and partial removal of DC bristles is in apparent contradiction with excess of DC bristles seen when pnr-b is ubiquitously over-expressed (line c765 in Fromental- Ramain et al., 2008) . It likely provides evidence that both the level, the time and the domain of pnr-b expression play crucial roles during development of DC sensory organs and must be strictly regulated. It (Ramain et al., 1993 (Ramain et al., , 2000 Haenlin et al., 1997; Cubadda et al., 1997) . We observed that over-expression of Pnr-b D4 causes a dramatic increase of additional bristles per hemithorax (5.3 ± 0.15 DC per heminotum) in all of the flies while viability is strongly reduced (Fig. 4) . Excess sensory organs associated with over-expression of the Pnr-b D4 protein is correlated with increased proneural expression at the DC site of imaginal disc (Fig. 4A ). In contrast, over-expression of Pnr-b VX1 (Fig. 4) leads to a strong reduction of proneural expression at the DC site associated with loss of DC bristles (0.13 ± 0.02 DC bristles per heminotum). Hence, these observations suggest that the Pnr-b D4 protein is no longer regulated by Ush and constitutively stimulates proneural expression at the DC site, while the C-terminal sequences are necessary to promote ac/sc expression and bristles development.
Regulation of Pnr-b transcriptional activity by the cofactor Ush
Ush regulates Pnr activity through dimerization Cubadda et al., 1997) . As both Ush and Pnr-b are expressed in the dorsal-most domain of the wing disc (Ramain et al., 1993; Cubadda et al., 1997; Fromental-Ramain et al., 2008) , we investigated the consequences of both loss and gain of ush function on Pnr-b activity during autoregulation of pnr-b and negative regulation of pnr-a expression by Pnr-b.
We investigated whether Ush regulates reporter expression in lines carrying construct b2 that mimics pnr-b expression. ush rev24 is a loss-of-function allele and we observed that reporter expression is increased in homozygous ush rev24 mutant animals carrying construct b2 (Fig. 5A ). This suggests that Ush negatively regulates pnrb expression. Interestingly, homozygous ush rev24 flies exhibit an excess of DC bristles which agrees with increased pnr-b expression . Alternatively, the excess of DC bristles may also be a consequence of the reduced concentration of Ush, which should make Pnr-b more effective in promoting proneural expression at the DC site.
Negative regulation of pnr-b by Ush is further reinforced by gain of function experiments. When ush is over-expressed, In each case, the reaction time was 20 min at 22°C.
reporter expression in transgenic lines carrying constructs b2, b6 or b7 is strongly disrupted (Fig. 5A) . Moreover, ush function appears to be mediated by regulatory sequences present in constructs b6 and b7. We also used in situ hybridization to investigate the consequences of ush over-expression on the pnr-b mRNA, showing reduced pnr-b expression in the dorsal-most territories of the wing disc (Fig. 5B ), in agreement with reduced lacZ expression in lines carrying construct b2 (Fig. 5A ). This observation conforms with the loss of DC bristles associated with over-expressed ush and reduced pnr-b expression Garcia-Garcia et al., 1999; Fromental-Ramain et al., 2008) . Both Ush and Pnr-b appear to negatively regulate neural pnr-b expression, raising the question of whether Ush and Pnr-b may act cooperatively. We addressed the consequences of reduced interactions between Ush and the pnr isoforms on expression of pnr-b. We used the pnr D1 allele encoding isoforms that carry a point mutation in the DNA binding domain that disrupts physical interactions with the antagonist Ush . We observed increased expression of the reporter present in lines carrying construct b2 (Fig. 5C ) in presence of the pnr D1 allele, suggesting that pnr-b is negatively regulated by a Pnr-b-Ush heterodimer. Increased ac/sc expression leading to additional DC bristles in pnr D1 was previously interpreted as the consequence of reduced interactions between Pnr and Ush Haenlin et al., 1997) . Here, we provide evidence that the pnr D1 phenotype may also be interpreted as the consequence of increased concentration of the Pnr-b protein in the wing disc. As Pnr-a is not involved in the regulation of pnr-b, we hypothesized that increased expression of the b2 reporter in presence of the pnr D1 allele reflects reduced interactions between Ush and Pnr-b D1 , suggesting that negative autoregulation of pnr-b is mediated by a Ush-Pnr-b heterodimer. This hypothesis is further supported by the observation that promoter fragments mediating negative autoregulation of pnr-b are similar to those involved in repression of pnr-b by Ush (Figs. 3A and 5A ). mutant animals carrying construct a1 is not significantly disrupted (Fig. 6B) , suggesting that Ush has no crucial role during regulation of pnr-a expression in wing discs. Moreover, over-expressed ush does not noticeably affect expression of construct a1 (Fig. 6C) as would have been expected if negative regulation required a Pnr-b-Ush heterodimer and as observed for construct b2 (Fig. 5A) . However, reporter expression is induced along the A/P border of the wing disc in lines carrying construct a1 (Fig. 6C) . As Pnr-b represses pnr-a expression, we interpret the weak activation of the a1 reporter as a consequence of pnr-b repression by over-expressed ush. Finally, over-expressed pnr-b
VX1
, lacking the C-terminal domain carrying both activating function of Pnr and domains involved in dimerization with partners (Ramain et al., 2000) , does not repress lacZ expression in lines carrying construct a4 (Fig. 6A) . This indicates that the C-terminus of Pnr-b is necessary for repression of pnr-a expression.
Regulation of ush expression by the pannier isoforms
As ush and the pnr isoforms are expressed in the dorsal-most domain of the wing disc, we asked whether the pnr isoforms may regulate ush expression. The transgenic line carrying the construct ush-lacZ contains a lacZ reporter controlled by a 7.4 kb promoter fragment /UAS pnr-b VX1 has no effect on reporter expression. (B) Ush does not regulate pnr-a. Decreased ush expression in lacZ/+; ush rev24 /ush rev24 does not significantly affect reporter expression in comparison to reporter expression in lacZ/+; +/+. (C) Over-expressed ush in lacZ/UAS ush; pnr-a Gal4 /+ has a minor effect on reporter expression mimicking pnr-a expression. Arrowhead highlights a modest increase of reporter expression along the A/P border of the lacZ/UAS ush; pnra Gal4 /+ discs. In each case, the staining reaction was left for 20 min at 22°C.
that recapitulates ush expression during embryogenesis (Muratoglu et al., 2006 . We observed that ush-lacZ reporter expression is similar to that of GFP driven by pnr Gal4 (Fig. 7A) , suggesting that the 7.4 kb DNA frag-ment contains the essential regulatory sequences necessary for ush expression in wing disc. We next investigated ush-lacZ reporter expression in the presence of the pnr D1 mutant allele. We observed that reporter expression extends to the entire dorsal-most domain of the wing disc in the trans-heterozygous pnr D1 /+ (Fig. 7B) , suggesting that physical interactions between Ush and the pnr isoforms play a crucial role during regulation of ush expression. Strong ush expression in pnr D1 /+ discs may appear paradoxical since these mutants bear a large excess of DC bristles (Ramain et al., 1993) . However, Ush poorly interacts with the Pnr D1 proteins whereas over-expressed ush does not repress DC proneural expression in pnr D1 /+ Haenlin et al., 1997) . Hence, excess of DC bristles in pnr D1 /+ flies is not contradictory with strong accumulation of Ush in the wing imaginal discs. As we lack loss-of-function alleles specific to each isoform, we performed gain of function experiments where each isoform is over-expressed in its domain of expression. We made use of pnr Gal4 Heitzler et al., 1996) and pnra Gal4 (the present study) that are characterized by Gal4 expression in the domain of pnr-b and pnr-a, respectively (Fromental- Ramain et al., 2008) . We observed that reporter expression in lines carrying ush-lacZ is not modified when pnr-b is over-expressed (Fig. 7C ). In contrast, over-expressed pnr-a activates ush expression (Fig. 7C) . We also analyzed the consequences of either over-expressed pnr-a D4 or over-expressed pnr-b D4 on reporter expression. Each mutant isoform over-expressed in its authentic expression domain leads to strong activation of the reporter (Fig. 7C) , suggesting that both isoforms positively regulate ush. As both the Pnr-a D4 and Pnr-b D4 proteins are more efficient during activation of ush expression than their wild-type counterparts, it also suggests that the activity of each isoform is negatively regulated by physical interaction with Ush itself. In situ hybridization shows that pnrb D4 over-expression leads to increased ush expression in the dorsal-most territories of the wing disc (Fig. 7E) , in agreement with increased expression of the reporter in lines carrying ush-lacZ (Fig. 7C) .
Over-expressed pnr-a activates reporter expression in the dorsal-most domain of the imaginal discs while over-expressed pnr-b has no effect. As over-expressed pnr-b has been shown to repress pnr-a that would consequently result in a loss of ush-lacZ reporter activation, the fact that over-expressed pnr-b has no apparent effect on reporter expression suggests that Pnr-b is also involved in activation of ush expression. When we over-expressed either the Pnr-a VX4 protein or the Pnr-b VX1 protein lacking activating functions (Ramain et al., 1993; Haenlin et al., 1997) , we observed a strong reduction of reporter expression in the dorsal-most territories of the wing discs (Fig. 7D) . As reporter expression mimics ush expression, this observation further supports the notion that both pnr isoforms activate ush expression. Hence, ush expression during neural development likely results from a balance between activating Pnr and repressing Pnr-Ush. The pnr isoforms stimulate the expression of ush-lacZ, which recapitulates ush expression during both embryogenesis (Muratoglu et al., 2006) and neural development (the present study). We next investigated expression of the Ush protein in both pnr D1 /+, pnr Gal4 /UAS pnr-b D4 and also pnr-a Gal4 /UAS pnra D4 animals where we observed a strong activation of the reporter ( Fig. 7B and C) . Using a specific antibody (Muratoglu et al., 2006) , we observed increased levels of Ush protein in both pnr D1 /+ animals or after over-expression of either the pnr-a D4 or the pnr-b D4 isoform in comparison to the level of Ush protein in wild-type animals (Fig. 7F ).
Negative autoregulation of ush
We further investigated whether Ush may be involved in regulation of its own expression. As reporter expression in lines carrying construct ush-lacZ (Muratoglu et al., 2006) recapitulates ush expression in wing discs, we investigated lacZ expression in either loss or gain of ush function. In homozygous ush rev24 animals, where ush function is reduced, we observed induction of lacZ expression, suggesting that the promoter fragment present in the ush-lacZ construct contains regulatory sequences mediating negative autoregulation of ush (Fig. 8A) . Homozygous ush rev24 simultaneously (Muratoglu et al., 2006) . Expression of ush is identical to pnrb expression (Sato and Saigo, 2000; Fromental-Ramain et al., 2008) and is monitored by the UAS-GFP driven by pnr Gal4 (GFP) (green) while expression of the b-galactosidase (bGal) is revealed by immunostaining (red). b exhibit negative autoregulation of ush that would compensate for the loss of Ush activity and increased expression of the Pnr-b protein. As Pnr-b activates proneural ac/sc expression at the DC site of imaginal discs, the homozygous ush rev24 flies consequently display supernumerary DC bristles . Negative Ush autoregulation was further supported by loss-of-function experiments where clones of cells lacking ush activity were induced in imaginal discs of lines carrying ush-lacZ (Fig. 8B) . We observed that reporter expression driven by the 7.4 kb promoter fragment is strongly activated in ush VX22 mutant cells (Fig. 8B) , when the clone is induced in either the dorsal-most domain of the disc or in the hinge region where ush is also expressed . Hence, loss-of-function experiments revealed that Ush negatively regulates its own expression. Moreover, induction of lacZ expression in the hinge region suggests that negative autoregulation of ush may occur in absence of pnr isoforms. Gain of function experiments where ush was over-expressed in the wing imaginal disc of ush-lacZ lines provide additional evidence for negative autoregulation of ush during neural development. Indeed, over-expression of the Ush protein in either the pnr-a (driver pnr-a
Gal4
) or the pnr-b expression domain (driver pnr Gal4 ) (Fig. 8C ) leads to complete repression of the reporter in the dorsal-most territories of the wing disc.
Discussion
3.1. Pannier driven bristles patterning as a model to study function of GATA isoforms during development GATA transcription factors are highly related zinc finger proteins conserved from yeast to vertebrates and playing essential roles during development (Patient and McGhee, 2002; Sorrentino et al., 2005) . Five GATA genes have been identified in Drosophila and two of these, Pannier and Serpent have been extensively characterized (Calleja et al., 2002; Waltzer et al., 2002; Fossett et al., 2003; Klinedinst and Bodmer, 2003; Mandal et al., 2004; Tao and Schulz, 2007; Fromental-Ramain et al., 2008) .
Further complexity in GATA function is brought by the existence of isoforms (Calligaris et al., 1995; MacNeill et al., 1997; Brewer et al., 1999; Waltzer et al., 2002; Hollanda et al., 2006; Fromental-Ramain et al., 2008 ) whose functions are poorly understood. The GATA isoforms frequently display overlapping expression domains and are structurally related, raising the question of how their activities are differentially regulated by dimerization with cofactors during development and how they functionally interact with target genes. Moreover, these targets may be the GATA genes themselves as both autoregulation of GATA-1 (Tsai et al.,1991; Hannon et al., 1991) and crossregulation between pnr isoforms have been previously documented (Fromental-Ramain et al., 2008) . Multiple studies have illustrated how GATA function is differentially regulated by cofactors during development (Morceau et al., 2004; Cantor and Orkin, 2005) . A remarkable example is provided by transcriptional cofactors of the FOG family. These multitype zinc fingers proteins are highly conserved from Drosophila to vertebrates where they regulate GATA factors function by dimerization with the GATA DNA binding domain Tsang et al., 1997; Fox et al., 1998 Fox et al., , 1999 Lu et al., 1999; Svensson et al., 1999; Tevosian et al., 1999) .
Analysis of both GATA factor autoregulation and crossregulation between GATA isoforms during development remains poorly documented. Positive autoregulation has been suggested by transfection of a GATA-1 promoter driven reporter in erythroid cells (Tsai et al., 1991) . The positive feedback loop was proposed to maintain the differentiated state of erythroid cells by locking the GATA-1 promoter into an ''on'' state and also to programme the progressive increase of protein content throughout cellular maturation. In Drosophila, both pnr isoforms are expressed in the dorsal-most domain of the wing disc (Fromental-Ramain et al., 2008) where they regulate neural development. As Pnr-b corresponds to a truncated version of Pnr-a, analysis of gene expression in the disc requires in situ hybridization with anti-sense probes specific to each isoform. However, in situ hybridization is poorly quantitative. Our current analysis of pnr expression benefits from the recent identification of pnr-b and pnr-a promoter domains that drive reporter expression in transgenic lines in a pattern similar to the pattern of pnr-b and pnr-a, respectively (Fromental-Ramain et al., 2008) . Thus, these transgenic lines provide the opportunity to perform loss and gain of function experiments, to investigate autoregulation and crossregulation of GATA isoforms during development in vivo. Furthermore, these transgenic lines allow investigation of the regulation of isoform expression. In particular, bioinformatics and phylogenetic footprinting analysis of pnr promoter sequences will help us to uncover regulatory elements involved in regulation of isoforms expression.
Pivotal functions of the Ush cofactor during neural development
In an effort to understand the molecular mechanisms through which GATA proteins regulate gene expression, transcriptional cofactors of the FOG family that interact with GATA factors by means of multiple zinc fingers have been identified Tsang et al., 1997; Lu et al., 1999; Svensson et al., 1999; Tevosian et al., 1999) . In Drosophila, the pnr D1toD4 alleles encode mutant proteins carrying a single point mutation in the DBD that disrupts interaction with the Ush antagonist (Ramain et al., 1993; Cubadda et al., 1997; Haenlin et al., 1997) . Hence, the Pnr D proteins constitutively activate ac-sc at the DC site, leading to an excess of DC bristles. Different studies subsequently proposed that activation of targets including ac/sc and wingless is achieved by one isoform acting as a monomer while the other isoform heterodimerizes with Ush to mediate repression (Garcia-Garcia et al., 1999; Sato and Saigo, 2000; Fromental-Ramain et al., 2008) . How the heterodimer antagonizes activity of the monomer remains unknown. Identification of the elements involved in target gene regulation would provide important tools to address this issue. Our present study suggests additional functions for Ush during regulation of gene expression and neural development. During neural development, Ush negatively regulates both its own expression and also pnr-b expression. In contrast, pnr-a expression as revealed by reporter expression in lines carrying construct a1 is not significantly modified by both loss and gain of ush function in the dorsal-most territories of the wing disc. A minor increase of lacZ expression along the A/P border of the wing discs is observed in presence of over-expressed ush. As pnr-a expression is negatively regulated by Pnr-b, the minor increase of lacZ expression can be interpreted as the consequence of repressed pnr-b expression by over-expressed Ush protein. Nevertheless, concentration of the (Pnr-a-Ush) heterodimer, involved in repression of proneural expression, is not significantly modified while increased Pnr-b directly activates proneural ac/sc expression at the DC site. These observations are fully consistent with excess of sensory bristles seen in loss-of-function ush alleles.
Loss of ush function in clones leads to strong autonomous activation of ush-lacZ, further supporting negative autoregulation of Ush during neural development. This observation raises the question of whether the Ush protein may also reach such levels of expression in the mutant cells. Such high levels may induce strong repression of pnr-b and induction of pnr-a, which in turn may ectopically induce transient expression of wingless (Fromental-Ramain et al., 2008) . Future studies will investigate whether pnr-a expression is induced in the mutant cells, leading to activation of wingless expression.
3.3.
Transcriptional activities of the pannier isoforms and autoregulatory loops during thorax patterning Both regulation of the pnr isoforms by physical association with the cofactor Ush and overlapping domains of expression of the pnr isoforms and the cofactor Ush in wing discs underlines a need for rigourous control of protein expression during neural development (Fig. 9) .
Proneural ac/sc expression at the DC site is activated by a multiprotein complex encompassing Pnr-b, Chip and the heterodimer (Ac/Sc)-Da. Both reduced expression and increased expression of either Chip or pnr-b similarly disrupt functioning of this complex and are characterized by reduced proneural expression at the DC site and loss of DC bristles (Garcia-Garcia et al., 1999; Ramain et al., 2000; Fromental-Ramain et al., 2008) . This illustrates how accurate stoichiometry of the complex subunits is necessary for proneural development and suggests that the protein levels involved in ac/sc regulation must be rigorously controlled. Thus, compelling evidence suggests that the level of Pnr-b in the DC area is negatively regulated by Pnr-b and Ush. Interestingly, the promoter region involved in negative regulation by Pnr-b is identical to that involved in negative regulation by Ush, suggesting that pnr-b expression is regulated by a Pnr-b-Ush heterodimer. We accordingly observed that pnr-b expression is not affected by over-expressed Pnr-b D4 , carrying the amino-acid substitution which disrupts physical interactions between Pnr-b and the cofactor Ush. Surprisingly, over-expressed pnr-b with the line c765 leads to increased proneural ac/sc expression at the DC site, associated with ectopic sensory organs (Fromental-Ramain et al., 2008) . The apparent contradiction with reduced proneural expression and loss of DC bristles associated with over-expressed pnr-b in the domain of pnr-b suggest that the level, the time, and the domain of pnr-b expression may play crucial roles during thorax patterning. It may also suggest that over-expressed pnr-b can interfere with overall specification of the notum. In particular, it has been recently reported (Usui et al., 2008) that ectopic DC bristles seen in simple, double and triple mutant for extramacrochaetae (emc), hairy (h) and stripe (sr) do not arise as a result of expansion of proneural expression driven by the DC enhancer of the ac/sc complex. Hence, redundant mechanisms mediate bristle patterning on the Drosophila thorax. It remains to be investigated whether the pnr isoforms may promote bristle patterning in the DC area independently from the DC enhancer.
A requirement for accurate protein levels also applies to the cofactor Ush. In addition to its role in regulating isoform expression, it appears that Ush negatively regulates its own expression. We also provided evidence that pnr isoforms may be involved in regulation of ush expression. Thus, both Pnr-a WT and Pnr-b WT as monomers activate ush expression and activation is enhanced when the isoforms carry the mutation disrupting interactions with Ush. Thus, we hypothesize that ush expression appropriate for neural development results from antagonistic activities of the Pnr proteins acting positively as monomers and the Pnr-Ush heterodimer which negatively regulate ush. This is reminiscent to what was suggested for regulation of the proneural ac/sc genes and wingless (Sato and Saigo, 2000 Fromental-Ramain et al., 2008) . Indeed, dimerization with Ush was proposed to convert Pnr proteins from activator to repressors. Thus, Ush together with Pnr-b appears to be involved in negative autoregulatory loops whose biological function is likely to maintain accurate Ush and Pnr-b protein levels at the DC site of wing discs. The level of pnr-a expression at the DC site also requires strict regulation during proneural development. Thus, overexpressed pnr-a in the domain of pnr-a leads to activation of ush which may appear paradoxical with the development of additional sensory organs. However, we also observed that over-expressed ush in the domain of pnr-a expression promotes development of ectopic sensory organs while proneural expression driven by the DC enhancer is not significantly affected (our unpublished observations). These observations may relate to redundant mechanisms that mediate bristle patterning on the DC area of Drosophila thorax independently of the DC enhancer of the ac/sc complex (Usui et al., 2008) . They may also relate to regulation of wingless expression by the pnr isoforms and Ush (Garcia-Garcia et al., 1999 Sato and Saigo, 2000; Fromental-Ramain et al., 2008) as wingless expression is involved in the development of the DC bristles (Phillips and Whittle, 1993) .
Our present data highlight the biological relevance of pnr as a model to study the function of GATA isoforms during development of a living organism. In particular, they reveal functional interactions between the isoforms and also between the isoforms and the cofactor Ush (Fig. 9) . Challenging issues will be to understand how the Pnr isoforms molecularly interact with the regulatory sequences of target genes and how dimerization with Ush converts Pnr from an activator to a repressor. Identification of the elements involved in the regulation of target genes would provide important tools to address these issues.
4.
Materials and methods
Drosophila stocks
pnr VX6 is associated with a deletion that removes exons 2, 3 and 4 of pnr (Fig. 1A) , leaving only nine amino acids of the coding sequences of pnr-a. It is used as a reference null allele for pnr function (Ramain et al., 1993) . pnr V1 and pnr
MD237
(pnr
Gal4
) are described in Heitzler et al. (1996) and FromentalRamain et al. (2008) . The molecular nature of pnr V1 remains unknown but it is associated with a strong induction of Fig. 9 -A model on how the pnr isoforms and the cofactor Ush functionally interact in the dorsal-most territories of the wing disc to regulate ac/sc expression during neural development. Pnr-b activates proneural expression while previous studies (Garcia-Garcia et al., 1999; FromentalRamain et al., 2008) suggested that Pnr-a probably together with Ush would mediate repression of ac/sc. Moreover, the cofactor Ush negatively regulates Pnr-b function through dimerization during activation of ac/sc. Furthermore, we present evidences that Pnr-b negatively regulates Pnr-a, irrespective of Ush. In contrast, Pnr-b together with Ush would negatively regulate expression of Pnr-b. Finally, we also provide evidences that the pnr isoforms are involved in activation of ush expression while level of ush expression during isoforms-driven activation is controlled by Ush itself. Thus, the pnr isoforms acting as monomers appear to activate ush expression while the heterodimers Pnr-Ush would be involved in negative regulation of ush expression. Regulation of both pnr-b and ush requires negative autoregulatory loops whose biological significance is likely to keep Pnr-b and Ush proteins at levels suitable for neural development in the dorsal-most territories of the wing disc. How the isoforms functionally interact to regulate targets expression during neural development remains an unanswered question. Identification of the cognate enhancers would help resolve this issue.
pnr-a in the wing imaginal discs. pnr MD237 carries a Gal4 containing transposon inserted in the first exon of pnr-b whose expression is consequently reduced. Moreover, Gal4 expression pattern is similar to that of pnr-b. Hence, UAS-GFP driven by pnr Gal4 only gives partial visualization of the domain of pnr expression. pnr D1 (Ramain et al., 1993 Heitzler et al., 1996 Haenlin et al., 1997) encodes isoforms carrying a single amino-acid substitution in the DNA binding domain that disrupts dimerization with the U-shaped antagonist Fromental-Ramain et al., 2008) . ush VX22 and ush rev24 are described in Cubadda et al. (1997) .
ush Rev24 is a loss-of-function allele, obtained by imprecise excision of the P(lacZ, w+), inserted next to ush in ush 1513 .
ush VX22 is a null allele for ush function.
The ush-LacZ transgenic line is described in Muratoglu et al. (2006) . It carries a lacZ reporter under the control of a 7.4 kb genomic fragment located upstream of the ush transcription start site (positions À7462/À25). The genomic fragment recapitulates the expression pattern of ush during embryonic stages (Muratoglu et al., 2006) .
4.2.
Mosaic analysis FLP/FRT-mediated mosaic clones ana was performed as in Sato and Saigo (2000) .
Histochemistry
Expression of transgene was analyzed by either X-Gal (Gomez-skarmeta et al., 1995) or antibody staining with a rabbit anti-b-galactosidase antibody (1/3000; Cappel) and secondary goat anti-rabbit antibodies conjugated to either CY3 or FITC (1/500; Jackson). The staining reactions to detect b-galactosidase activity in imaginal discs were performed for different lengths of time in the different experiments. Importantly, for each experiment, imaginal discs isolated from both control and mutant larvae were simultaneously stained with the same batch of reagents. Ush protein was detected with a rabbit anti Ush (1/500) as described in Fossett et al. (2001) . Detection of transcript in situ was performed as outlined in Tautz and Pfeifle (1989) . A PCR product encoding the domain (Valine 787 -Isoleucine 1191) of Ush was subcloned into pBlueScript and the resulting plasmid was used to synthetize the (DIG)-labeled anti-sense probe. The anti-sense probes for pnr-b and lacZ are as in Fromental-Ramain et al. (2008) .
Transgene constructions
The transgenic lines carrying either construct a1, a2, a3, a5, a7, b2, or b5 (previously construct C9.3, D5, E3.2, F1.2, J1.8, G5.6 and H6.4) are described in Fromental- Ramain et al. (2008) . Additional transgenic lines have been generated in the course of the present work. The promoter sequences inserted into the transformation vectors were isolated from RP98-4C7, a BAC from the RPCI-98 Drosophila melanogaster BAC library (Hoskins et al., 2000) . Nucleotides are numbered from a BglII restriction site located 15740 bases pairs upstream of the ATG start of pnr-a. The DNA fragments inserted in front of the AUG-b-Gal of the pCaSpeR-AUG-b-gal vector include either the leader sequences of pnr-a (construct a4) or the leader sequences of pnr-b (construct b1, b3, b4). The DNA fragments are the following: (Asp718 (2545)-Kpn1 * ) in a4, (BglII (15740)-Kpn1 * ) in b1, (Not1(13864)-Kpn1 * ) in b3 and (EcoR1(12000)-Kpn1 * ) in b4 where Kpn1 * has been inserted by PCR downstream of either the leader sequences of pnr-a or the leader sequences of pnr-b.
The DNA fragments inserted in front of the heterologous hsp43 promoter of pCaSpeR-hsp43LacZ are the following: the (HindIII (13604)-Asp718 (2545)) in construct a6, the (BglII (1740)-HindIII (13604)) in b6, the (Not1 (13864)-Not1 (11788)) in b7, the (EcoR1 (12000)-HindIII (9186)) in b8 and the (BglII (15740)-Not1 (13864)) in b9.
Transgenic lines were generated by standard methods and at least 5 independent lines were analyzed for each construct.
The pnr-a Gal4 transgenic line was generated to overexpress Pnr proteins in the domain of pnr-a. It carries the Gal4 coding sequences under the control of the (HindIII(9186)-Kpn1 * ) fragment where Kpn1 * was introduced by PCR downstream of the leader sequences of pnr-a. The (HindIII-Kpn1 * ) was previously shown to drive reporter expression in a pattern similar to the pattern of pnr-a expression (Fromental-Ramain et al., 2008) . The sequences encoding the DBD of Pnr-b in pUASTPnrb WT were replaced by the mutated sequences associated with pnr D4 to give pUAST-Pnr-b D4 . The sequences encoding the C-terminus of Pnr-b in pUAST-Pnr-b WT were replaced by the sequences carrying the frame-shift deletion characteristic of pnr VX1 to give pUAST-Pnr-b VX1 .
